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Abstract: The autonomous orbit control (AOC) enables the tea@mnce of a satellite on a
reference orbit with little ground intervention, igh is presented in the first part of the article.
Orbit control is done by filtering the position/@elty resulting from a navigator and by adjusting
models of the evolution of various parameters. dtwrolled parameters are the orbit ascending
node crossing date (in-plane control), and the tighcension of the ascending node (out-of-plane
control). Another part of this article deals withet method of selection of slots for maneuver
realization, to ensure the best control of the oas orbital parameters, as the whole orbit may not
be available for maneuvekastly, an interesting aspect is presented, thasigis in controlling the
trajectory even if the satellite is not (yet) ia tominal orbit (introduction of a “transition ortjj.

Keywords: Autonomous Orbit Control, out-of-plane control, lmpard maneuvers.
1 Introduction

The Autonomous Orbit Control (AOC) enables keepangatellite close to a reference orbit with
little ground intervention. AOC has been experirednbn DEMETER, a Myriade satellite (CNES
line of micro-satellites) [1] [2]. For this missipthe aim of the experiment was to control the
satellite orbit in its plane and to compute andfigrer the needed station keeping maneuvers on
board and in an autonomous way (and thus couniiegettie decrease of the semi major axis).

It is also interesting to perform out-of-plane a@ohtThis control proves to be necessary for Sun-
synchronous phased orbits for example. This arfidsents the changes made on DEMETER AOC
to simultaneously control in-plane and out-of-plggaameters. Controls are done by filtering the
measurements resulting from a navigator and bys#dm models of the evolution of various
parameters. The controlled parameters are the asbénding node crossing date (in-plane control),
and the right ascension of the ascending nodedfplane control). The reference models are quite
simple, corresponding to a linear evolution asracfion of time. The gap between those reference
models and their corresponding values are alserdidt. A control window is defined for each gap
and when the resulting filtered evolution goes ioletghis window, maneuvers are computed and
executed.

Controlling the trajectory with respect to a refere orbit can be made difficult with the
impossibility to execute maneuvers at any poirtheforbit. Some parts of the orbit are dedicated to
the realization of parts of the mission which cars® done simultaneously with the execution of a
maneuver. Thus this article deals with the methiogsktection of slots for the maneuver realization,
to ensure the best control of the various orbitatameters. More particularly, the algorithm
searches, in priority, for slots placed near theesoof the orbit in order to carry out the out-tre
control. For the in-plane control, more frequelie fpositions of pure tangential maneuvers are
computed so as to control the evolution of thetabcentricity.

Lastly, an interesting aspect is to be able to ntbeesatellite on its orbit while continuing to gar
out the mission or to be able to restart this rois®ven if the satellite is not yet at its nominal
position (for example after a survival event, dreggn orbital drift). This aspect is managed l®y th
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introduction of an orbit known as “transition otbithe AOC will perform maneuvers in order to
follow this particular orbit.

2. Autonomous Orbit Control generalities

The orbit control is done by keeping parameterglena suitable window. The in-plane controlled
parameter is the ascending node crossing long[Rjd& the ascending node crossing time (and the
mean eccentricity vector). For the out-of-planetcanthe most adapted parameter is the orbit right
ascension of the ascending nody.(In the following paragraphs, we deal only witte tout-of-
plane control as the in-plane one has been appedanhseveral papers [1] [2] [3] [4].

2.1 Determination of the controlled parameters

The method used to control these parameters headsgibeen presented. It consists in filtering
measurements (position/velocity information givegnab“navigator”, using measurements from a
GPS or Galileo receiver). The method used for tiglane control, is also applicable to the out-of-
plane one. The filtering is designed to determireedvolution model of orbital parameters and also
of gap between reference model and their correspgrutbital parameter. These models are simply
first or second degree polynomial [4]. For the ofiplane control, we introduce a fitting of thehrg
ascension of the ascending node with respectafesence model.

The model chosen for the right ascension of theraing node is a first degree polynomial. The
difference between this model and a referencengpated and filtered. Under the only disturbance
of Earth and Moon/Sun potentials, the evolutiortro$ gap is parabolic (see Fig. 1). The model
adjusted for this discrepancy is a second degrgmaqmial (Eq. 1).

a2 =Alt-t, ) +Bt-ty)+C (1)
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Figure 1. Evolution of the right ascension of the scending node gap

Residual oscillations observed around the paradr@alue to the Moon/Sun potential. It is possible
to filter these oscillations by increasing thedliltime constant (constant time greater than oalequ
to fourteen days, half-period of disturbances doethie potential, see Fig. 2). Filtering this
disturbance has the advantage of reducing maneumenber, because they are not generated to
follow the oscillations; but the disadvantage isittlthe convergence duration of the filter is
increased.
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Figure 2. Filtering of Moon/Solar disturbance

2.2. Reference parameters

To control the out-of-plane offset, it must be givio the AOC a theoretical law for the right
ascension of the ascending node. As a first appraton, the right ascension of the ascending node
follows a linear evolution. Knowledge for this parater on board, can be improved by introducing
harmonic corrections due to tesserals terms oEtmh potential, whose effects tend to shift right
ascension as a function of the longitude. Righ¢masion of the ascending node can be written:

Oref (t) = Qres (to) + Qref [Gt _to) + o (2)
With:
Morr =80+ Y _ay cogKL) +by sirlkL) (3)
k=1

L represents the longitude of the ascending notie. Aumber of harmonic coefficients uploaded
depends on precision with respect to the referenuig, as it is described later.

2.3. Maneuvers determination

A maneuver must be scheduled when the controllednpeter gets out of the control window
allocated (see Fig. 3).
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Figure 3. Out-of-plane maneuver

3



This maneuver will be computed in order to change $lope of the offset evolution, as it is
presented in the following figures (slopes areespnted in color, Fig. 4).
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Figure 4. slope modification

The modification of the slope is calculated to grback the gap value in the window. It consists in
targeting the top or the bottom of the window, depeg on how the gap is getting out of it.
Examples of types of maneuvers are given below. @)igThe green color represents the evolution
of the gap before the maneuver, the red one, dreceineuver is performed.
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Figure 5. Type of maneuver

Once the slope variation is fixedR), the increment is transformed into an out-of-plal using
the Gaussian equation (Eq. 4).
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2.4. Implementation of maneuvers in the filters

Maneuvers, once made, are taken into account ifiltees, in order to avoid a reset and thus an
interruption of service during the filters convemge. Once more, the Gaussian equations give the
variation of the orbital parameters and the ofésetunction of velocity increments, in and outlod t
plane (Eg. 5).
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Out-of-plane offset is represented by a secondedegolynomial (Eq. 1). Taking maneuvers into
account simply consists in adding the effect to this model, which is directly the sldpgas it is
written in the equation 6.

Bafterman = Boeforeman"' A-Q (6)

3. Simulations — Results

The orbit control performance depends on orbitudisinces not taken into account in the reference
orbit. These disturbances are essentially atmogpHdeag, (if the orbit is low) and the Moon/Sun
potential (if the orbit is high). The importance tbese forces is modulated by solar activity. The
bigger the solar activity is, the stronger atmosjghgrag is; thus for a "high" orbit, with a vergw
solar activity, the drag will be low and the infhee of the Moon/Sun potential will be relatively
more important. Under such conditions, the semomaxis may increase and it should be necessary
to perform braking maneuvers to counteract thisaff

Simulations for different altitudes (500 km, 650,800 km) and different solar activity (strong and
weak) are presented in Table 1. below.

Altitude 500 km 650 km 800 km
Mean solar activity (w/m?3/Hz) 80 200 80 200 80 20(
Maximum in-plane gap (km) 0.67 1.99 0.59 0.48 0.330.41
Maximum out-of-plane gap (km) 0.60 0.58 0.96 0.86 .700 | 0.70
Total AV (m/s) 11.9 57.6 17.6 20.9 6.4 7.4
In-planeAV (m/s) 5.7 53.4 0.7 5.3 0.3 1.3
Out-of-planeAV (m/s) 6.2 4.2 16.9 15.6 6.1 6.1
Number of maneuvers 1930 3389 1316 1684 1700 1423
Out-of-plane maneuvers 431 322 288 295 69B 710
Number of maneuvers witka <0 | 77 7 503 9 529 26

Table 1. Results



Those simulations were conducted without takingoant of slots for the achievement of
maneuvers. It can be observed that out-of-plandraiois not sensitive to solar activity as the
number of maneuvers has the same order of magribudb®th low and high solar activity.
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Figure 6. Altitude 500 km — low / strong solar actiity

If we focus on the in-plane results for high s@ativity, we can see peaks that are produced by the
out-of-plane control (see Fig. 7 above), becauserikthod implemented gives priority to the out-
of-plane control to the detriment of eccentricig€ fig 7 below).
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Figure 7. Focus on the in-plane error (above) andceentricity (below)

The out-of-plane maneuvers are one boost maneuaedswhen there is no constraint on their
location, the first opportunity is chosen: the astieg node. Under this condition, if a lot of out-o
plane maneuvers are done, the eccentricity witt.dknd yet successive out-of-plane maneuvers are
necessary as each one tries to reduce the sloje @iut-of-plane gap as long as this gap has not
reached the window border (see Fig. 4). This befmaid illustrated by figure 8, showing the
maneuvers type and the out-of-plane controlledrpater.
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Figure 8. Out-of-plane maneuvers and parameter evotion

4. Reference orbit

Knowledge of a reference orbit is necessary botbaard and on ground:

It is important to "put” in the reference orbit nedbdthe disturbances that we do not wish to see
corrected by AOC. The orbit control enables to cengate the secular drifts on the semi major axis
and the inclination, in order to control the orpdsition and the right ascension of the ascending
node. Long periodic effects of the disturbancesrematral to the overall propellant consumption,
but short and medium-sized periods effects are yangp because "exciting" the control and
inducing overconsumption; the short and mediumesjzeriods effects are therefore integrated into

On-board: it is the heart of the algorithm, it givibe reference model of the controlled orbital
parameters. Then the satellite can compute manewlen the satellite orbit moves away from

the reference.

On ground: without the reference orbit, the orla@tedmination is more complicated, as the time
and range of the maneuvers are not known. Witthét,position of the satellite is known over a
large time horizon without orbit determination amdhat is more important, the reference orbit
enables fine pointing of ground stations withouemention or communication with the control

centre.

reference orbit.
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The form of the reference orbit is defined in egua®. This form is composed of a secular part and
a set of harmonics, x andby i, (different for each orbital parameter) that reerd the influence of
the Earth potential (short and medium-sized peeibects). The harmonic part of the decomposition
is function of orbit position and satellite longiet The precision of the model depends on the
number of harmonics used onboard (parameter@xandkmay.

The influence of the number of uploaded harmoniapeters is represented on the two curves
below (for altitude equal to 500 km on the leftJdve and 800 km on the right above). They
represent the along-track difference between ait gebuilt with all the harmonic parameters and
an orbit rebuilt with the number of harmonic parsene selected for on board decomposition.
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Figure 9. Influence of the number of harmonic paraneters used

5. Maneuver slots

All the orbital positions are not always
available for the achievement of orbit control Hanauversts
maneuvers. Most of time a number of ot
constraints prohibit portions of orbits for ’ [
maneuvers. Those constraints may originate in ™
risk of instruments dazzling, conflicts with ’
station visibilities (the satellite cannot
maneuver while it downloads telemetry) or

-
P e

|
constraints linked to the achievement of the I t ‘
mission. For example, in the case of [ [ l
DEMETER satellite, the slots were positioned
very close to ground station visibility periods | [
so that along track4V effects could be U | 1] 1 [[ r [] | ; [[ K

bounded.These different constraints lead to ) 05 /
the definition of areas where maneuvers are
allowed, areas called "maneuver slots" (see
Fig. 10).

Figure 10. Maneuver slots



The impossibility to achieve the maneuver at anyptpon the orbit may cause a degradation of the
performance. We can observe a degradation of attgnt(see fig 11) and also sometimes an
impossibility to carry out the out-of-plane contriblslots are not available at the nodes of thstor

It becomes necessary to choose the best slots basi type of maneuver to do. For example, in

case of in-plane control, it is not possible to @iyntake the first slot available to perform a
maneuver because the eccentricity would drift ftbenfrozen one (see Fig. 11).
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Figure 11. Control of eccentricity without choosinghe maneuver slot

Maneuvers in inclination take precedence over éingential maneuvers as they enable to combine
the out-of-plane correction with semi major axifieTcorrection in inclination is not critical (less
frequent), so it can be delayed in case orbit nadesot included in a maneuver slot. In this case,
as the need to control the plan may be urgentgfample with high drag), we cannot afford to
cancel the maneuver and the correction is reddeittean in-plane control strictly. A slot selection
algorithm is presented in figure 12.

Determination of slots

at the orbital nodes

l yes

no

yes

In- plane corrections IDk)et(atrn?llwta}tloné)f t?e
- est slot in order to
correct the eccentricity
yes
Combined maneuver Strictly out-of- No maneuver Strictly in-plane
in & out of plane plane maneuver maneuver

Figure 12. Slot selection algorithm

Out-of-plane In-plane corrections yes
; e
corrections needed no needed
no




With a good slot distribution over the orbit, th®O& performances stay at the same level, for
standard solar activity. Figure 13 shows two sirioie realized, first without taking into account
slots, and second with the slots. The performaacesracy is not really changed.

In case of high solar activity, for which atmospbeirag leads to quick orbital parameters changes,
the weakness of the method is amplified. Peaks apme because of the eccentricity drift are
accentuated (see Fig. 14). As shown before, theakspare due to the successive achievement of
out-of-plane one boost maneuvers. The degradagipaaas only for the in-plane control.
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Figure 14. Along track accuracy

6. Drifting reference orbit

The need for a drifting reference orbit appearsméegellite has drifted from its reference orbid an

that we want to use the AOC to make it return nearhis orbit can also be used if the mission
wants to perform a modification of the satellitamoal position with the AOC, in order to use the
advantages of this mode of operation. In such a tas control center continues to work with a
reference orbit and does not need to compute aloddipnaneuvers.

A drifting orbit is a transient orbit which allowe move from an orbit to another using the AOC.
The two reference orbits may not be too far awayabse the drifting orbit is still constrained. The
concept presented here, consists of just a motiditaf the secular parameters of the reference
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orbit. This orbit can be used for example after a satedlitrvival event, during which the satellite
may have slightly drifted. It can also be useddtum near the reference orbit after a collision
avoidance maneuver.

The next example presents a very simple “driftiefgrence orbit”: an orbit with a drift on the semi
major axis (noted V”). For the implementation of such drifting orbihhe controlled and the
reference parameters must be modified accordinggythe controlled in-plane parameter is the
ascending node crossing time, its evolution isee@nted in the algorithm by the equation (8):

tan =tan, *Torp (N +d [N? (8)

Witht,y, the Ascending Node crossing tirligy,, the orbital period ant, the number of orbit

since the first ascending node crossing. In figgbraximation, the relation betweeh and the
parameterd” is given by Equation 9:

3 2
d=="01[T 9
4 a orb ( )
The model of the transition orbit (Eq. 7) must bedified by adding a term to the on-orbit position
parameter formula as shown in Equation 10.
nmaxk max

alt)=ap+do t—to) +dpo -t + D (.) (10)

nk

The order two coefficient of the polynomial is givey equation (11):

b= -0 Y (11)
204 a

With those modifications the in-plane differencaween the two orbits (the orbit delivered by
AOC and the drifting reference one) is represeimelligure 15. It remains a parabolic evolution
due to the approximate determination &f. To improve the result, it would be necessary to
determine a better relation between the paramétengn the AOC algorithm (parameted”; Eq.

9) and the parabolic evolution of the on-orbit fiosi. But, as this transition orbit should be used
during a short period, the value given by Eq. 1dusdh be enough.
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Figure 15. Along track accuracy
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7. Conclusion

In this article we have presented the changes rmattee AOC algorithm successfully implemented

on DEMETER (out-of-plane control). This control agée filtering generic concept developed for

the in-plane control and validated by implementattm DEMETER satellite. We also have also

introduced the notion of “drifting orbit” as a wag extend the use of AOC to cases where the
satellite is far from its nominal position.

Several things must be modified or updated in otdemprove the autonomous orbit control

method. First of all, it may be interesting to detme out-of-plane maneuvers consisting in two
boosts, each boost realized at a different orbllengascending then descending). Then the
eccentricity vector may not drift anymore, as itlcbbe possible to control it with dissymmetrical

boosts.

The out-of-plane control method could also be medifn order to reduce the number of successive
boosts each time the controlled parameter readteesdntrol window limit. It should possible to
perform a maneuver in order to reverse the evalubiothe controlled parameter instead of several
boosts trying to decrease the slope (before fimalgrse it).

And finally, a new method has to be developed lier dut-of-plane control of a drifting orbit that
could be used at the end of the satellite missfetihe, when inclination is no longer controlled.
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